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= Advanced Propulsion System
I. Introduction
NASA Johnson Space Center in Houston, Texas has been performing design, development and testing for cryogenic propulsion systems under the term PCAD (Propulsion and Cryogenic Advanced Development). The major effort in cryogenic propulsion system development for future exploration missions includes the use of propellants such as LO2, LH2 and LCH4 which can be produced from resources available on the surface of the moon and Mars. A schematic of a cryogenic propulsion system using LO2 and LCH4 is shown in Figure 1 . This system is being proposed for the Constellation project which will take a Lunar Surface Access Module (LSAM), which is called the 'Altair' to the moon. Altair, which is similar in design, but much larger than the Apollo Lunar Module (LM), will consist of two stages: 1) a descent stage, which will house the majority of the fuel, power supplies, and breathing oxygen for the crew, and 2) an ascent stage, which will house the astronauts, life-support equipment, and fuel for the ascent stage motor and steering rockets.
1 A picture of the Altair aboard the Ares V launch vehicle is shown in Figure 2 . The schematic in Figure 1 represents the Ascent Engines for Altair. The Ascent Engines are used in the mission profile to dock with Orion which is a Crew Module and a Service Module that is launched on the Ares I launch vehicle. Figure 3 shows a description of the mission profile using the Ares I and Ares V launch vehicles. 
Figure 3. Constellation Mission Profile
In Figure 1 , the propellants are fed to the RCS thrusters and the Ascent Engine in a liquid state using the GHe pressurization subsystem. Can the GHe COPVs be cycled at cryogenic conditions and perform similar to cycling at ambient conditions to meet the performance requirements? This is the primary concern and the driver for the test plan that was created and executed.
II. Test Article Description
The test articles will consist of vessels lined with Inconel 718 and Al-2219. Inconel 718 has been selected since it is LO2 compatible and it provides excellent corrosion resistance and provides good material fracture toughness at cryogenic temperatures.
2 Al-2219 has been selected since it is lighter in weight and it can be used if the risk of exposure to LOX is acceptable based on the propulsion system design. The volume of the vessels for these tests is 1.8 ft 3 and it will be a sphere with an inner diameter of approximately 18.12 in. The flight article design concept calls for a 20 ft 3 spherical vessel. A scaled down vessel has been selected for these tests since current tooling and fabrication procedures exist for a 1.8 ft 3 vessel and this provides lower costs and quicker delivery. Another major objective of these initial tests is to determine if the fiber/resin composite provides successful performance at cryogenic temperatures. Table 1 shows the information for the test articles for the tests where proof pressure for the vessels is 1.25 X MOP and the minimum burst pressure is 1.5 X MOP. The 31-43B resin has been selected based on previous research and development work performed by ARDE', Inc. The Toray T-1000 carbon fiber by Torayca has been selected since NASA plans to use it for the fabrication of the flight vessels. The Toray fiber is provided on a spool. The spool provides a 'tow' which is a bundle of 12,000 fibers. The cross-sectional area of a tow is approximately 0.000417 inch 2 . Table 2 shows the properties for Toray T-1000. A non-bonded interface between the liner and the overwrap exists for preventing buckling of the liner for thermal cycle tests. The liner and the resin/fiber overwrap have much different coefficients of thermal expansion. This causes buckling of the liner for bonded interfaces at temperature cycles from ambient to cryogenic conditions since the metal liner expands and contracts significantly more than the overwrap. ARDE' applies a non-stick coating to the liner prior to wrapping procedures that results in a non-bonded liner/overwrap interface after proof tests are complete.
III. Test Procedures
There will be a quantity of 5 each of test article D4970 and D4971 to provide performance data at ambient and cryogenic conditions. An extensive data base exists for ambient temperature testing on ARDE's D4333 vessel which has a CRES 301 liner and is a 1.8 ft 3 spherical COPV. The design of the D4970 and D4971 vessels is based on the D4333 vessel where the liner material has been changed. Of the 5 test articles, 2 articles will go through ambient tests and 3 will go through cryogenic tests. The objective is to determine if there are significant differences in the performance of the vessels at ambient conditions versus cryogenic conditions and the difference between 2. Perform 100 pressure cycles from 0 to 4,500 psig with water.
3. Perform hydrostatic burst pressure tests using Digital Imaging Correlation (DIC) equipment to measure the strain as the pressure is increased to the rupture event.
Cryogenic 1. Perform 2 proof pressure tests to 1.25 X MOP = 5625 psig at -320°F where LN2 is in the COPV and GN2 is the pressurant.
2. Perform thermal cycle testing 5 times where the COPV is filled with and submerged in LN2 with no applied pressure.
3. Perform 100 pressure cycles charging to 4,500 psig at -320°F using LN2 where GN2 is the pressurant while the COPV is submerged in LN2.
4. Perform burst pressure tests with LN2 at -320°F. Table 2 shows the performance of the Inconel 718 COPVs and Table 3 shows the results of the Al-2219 COPVs. Figure 5 shows a graph of all the results for comparisons of the performance at ambient and cryogenic conditions for Inconel 718 versus Al-2219. ** S/N 004 was subjected to cryo proof cycle and thermal cycles and shipped to NASA/JSC for further testing. The area where the vessels failed is in the welded region in the liner between the precision machined boss section and the dome. This was consistent in all of the burst tests. This is expected since the machined boss sections are thicker than the formed domes. Figure 6 shows the burst test results for an Inconel 718 lined vessel at ambient conditions and Figure 7 shows the burst test results for an Inconel 718 lined vessel at cryogenic conditions. 
IV. Test Results
V. Conclusion
Inconel 718 is a very tough and fracture resistant material even at cryogenic conditions and performed very well based on the cryogenic burst tests vs. the ambient burst tests.
Al-2219 also performed very well and it was wrapped with more fiber due to its lower mechanical properties compared to Inconel 718 but still had a lower weight. This test provided the data required for NASA to develop high pressure vessels for the future exploration missions. Al-2219 can be used as liner material where it saves weight and still performs well at cryogenic conditions. The remaining risk for COPVs that needs to be tested regards stress rupture life at cryogenic conditions. Current plans are to continue to use small scale COPVs and charge them with LN2 at higher fiber stress ratios for certain time durations to determine the proper stress rupture life prediction models to use.
